We present the semiclassical laser field induced surface hopping method for the simulation and control of coupled electron-nuclear dynamics in complex molecular systems including all degrees of freedom. Our approach is based on the Wigner representation of quantum mechanics. The combination of the molecular dynamics "on the fly" employing quantum initial conditions with the surface hopping procedure allows for the treatment of the electronic transitions induced by the laser field. Our semiclassical approach reproduced accurately exact quantum dynamics in a two electronic state model system. We demonstrate the scope of our method on the example of the optimal pump-dump control of the trans-cis isomerization of a prototypical Schiff base molecular switch. Our results show that selective photochemistry can be achieved by shaped laser pulses which open new dynamical pathways by suppressing the isomerization through the conical intersections between electronic states.
The simulation and control of ultrafast laser driven dynamics in complex molecular systems is a challenge due to a daunting effort needed to solve the time-dependent Schrödinger equation. In particular, the ultrafast photochemistry involves the coupling of electron and nuclear dynamics leading to the breakdown of the BornOppenheimer adiabatic approximation. In this context, methods employing classical trajectories propagated in the framework of the molecular dynamics (MD) "on the fly" using ab initio or semiempirical quantum mechanical methods for the electronic structure represent a viable semiclassical approach [1] . The Wigner representation of quantum mechanics [2, 3] is particularly suitable for the development of semiclassical methods for simulation and control of ultrafast processes since it has a well defined classical limit. Moreover, nuclear quantum effects such as for example tunneling [4] can be systematically included.
The control of molecular processes by shaped laser fields [5] [6] [7] opens a perspective for applications in which the light is used as photonic catalyst in chemical reactions. Following the theoretical proposal of the "closed loop learning" (CLL) scheme by Judson and Rabitz [8] numerous experiments have been realized, in which processes such as molecular fragmentation [9, 10] , isomerization [11] or ionization [12] are controlled. The idea of the CLL approach is to use a laser system with a pulse shaper to produce pulses which in the interaction with the quantum system initiate desired photochemical or photophysical processes. The shape of these pulses is optimized using an evolutionary algorithm maximizing the yield of the desired product or process. The theoretical counterpart of this procedure is the optimal control theory [13, 14] , which has provided fundamental understanding of the mechanisms responsible for the control of molecular fragmentation [10] , ionization [12] and isotope selection [15, 16] . However, these achievements have so far been limited to low dimensional systems in which the explicit numerical solution of the timedependent Schrödinger equation is feasible.
Recently, the Wigner distribution approach has been developed and successfully applied to the simulation of time-resolved pump-probe spectra [1] as well as to the control of ground [17] and excited state [18] dynamics. However, due to the fact that the interaction with the laser field has been described using perturbation theory the method is limited only to processes in relatively weak fields. Therefore, the development of new theoretical methods for the simulation of laser driven dynamics using moderately strong laser fields (below the multielectron ionization limit) is particularly desirable. Such fields open a very rich manifold of pathways for the control of ultrafast dynamics e.g. by exploiting quantum effects such as Rabi oscillations between electronic states.
In this Rapid Communication, we present a novel semiclassical approach for the simulation and control of the laser driven coupled electron-nuclear dynamics in complex molecular systems including all degrees of freedom. This stochastic "Field Induced Surface Hopping" (FISH) method is based on the combination of quantum electronic state population dynamics with classical nuclear dynamics carried out "on the fly" without precalculation of potential energy surfaces. The idea of the method is to propagate independent trajectories in the manifold of adiabatic electronic states and allow them to switch between the states under the influence of the laser field. The switching probabilities are calculated fully quantum mechanically. Thus, the purpose of this Rapid Communication is the presentation of a new generally applicable method for the treatment of the laser driven photodynamics and the illustration of its scope. The laser driven multistate dynamics can be described using the semiclassical limit of the quantum Liouville-von Neumann (LvN) equation i ρ = [Ĥ 0 − µ · E(t),ρ] for the density operatorρ.Ĥ 0 represents the field free electronic Hamiltonian for a molecular system with several electronic states in the Born-Oppenheimer approximation and the interaction with the laser field E(t) is described using the dipole approximation. In the Wigner representation, for a system with two electron states (e and g), the commutators in the quantum LvN equation reduce in the lowest semiclassical limit to the classical Poisson brackets [3] . The equations for the phase space representation in coordinates q and momenta p of the density matrix elements ρ gg (q, p, t), ρ ge (q, p, t), ρ ee (q, p, t) read: where curly braces denote the Poisson brackets, H g and H e are the Hamiltonian functions for the ground and excited states. The quantity ω ge is the energy gap between the ground and the excited state, µ eg and µ ge denote the transition dipole moments and E(t) is the electric field. In order to calculate the population transfer between the ground and excited electronic state induced by the laser field E(t), which is reflected in the change of ρ ee and ρ gg , the coherence ρ ge is needed. It can be obtained in analytic form by integrating Eq. 2:
By inserting this expression in Eq. 3 the rate of the change of the diagonal density matrix elementρ ee which determines the population of the excited electronic state becomes:
The time evolution of the phase space function ρ ee (q, p, t) can be separated into two physical contributions. The term {H e , ρ ee } corresponds to the phase space density flow within the excited electronic state e while the second term in Eq. 5 describes the population transfer between the electronic states. In our FISH approach we represent the phase space functions ρ ee (q, p, t) and ρ gg (q, p, t) by independent trajectories propagated in the ground and excited electronic states, respectively. Thus, if the finite number of trajectories N traj is employed, ρ ee (q, p, t) can be represented by a swarm of time-dependent δ functions ρ ee (q, p, t) =
a trajectory propagated in the excited electronic state e [1] . The population transfer between the electronic states is achieved by a process in which the trajectories are allowed to hop between the states. Notice, that this hopping procedure is related to Tully's surface hopping method [20] which has been developed in order to describe field free nonadiabatic transitions in molecular systems. However, in our case the nonadiabatic coupling between the states is induced by the laser field. The hopping probability P g→e can be calculated from the rate of change of the excited state population, normalized to the population of the ground state according to P g→e = (ρee−{He,ρee})∆t ρgg
. Hence, the probability that a trajectory which resides in the electronic state g at the time step t switches to the electronic state e within the time step ∆t is given by:
The simulation of the laser induced dynamics is performed in the following three steps: i) We generate an ensemble of trajectories by sampling e.g. the canonical Wigner distribution function in the ground state. ii) For each trajectory which is propagated in the framework of MD "on the fly", we calculate the density matrix elements ρ ee , ρ gg and ρ ge by numerical integration of Eqs. 1-3 starting at t=0 and ending at the current nuclear time step. Subsequently, we calculate the hopping probabilities from Eq. 6. iii) In order to decide if the trajectory is allowed to change the electronic state a random number generator is used. Notice that while the trajectories jump between the electronic states at a given time, all density matrix elements are propagated continuously over the entire time. Although the individual trajectory is allowed to jump, the total number of trajectories in a given state representing ρ ee or ρ gg is again a continuous function of time which matches the full quantum mechanical coherent state population. Therefore our approach is able to mimic laser induced processes such as coherent Rabi oscillations between the electronic states. In order to illustrate this we present first a comparison of our approach and the full quantum mechanical treatment of laser induced dynamics in a two state harmonic oscillator model system. Fig. 1 clearly demonstrates the coherent Rabi oscillations which are in perfect agreement with the full quantum mechanical treatment. Notice that the ability to describe the coherent electronic state dynamics is inherent to our approach and does not depend on the chosen model system. Consequently, the presented FISH procedure represents a general approach for the simulation of laser induced dynamics in complex molecular systems. In particular, it can be combined with the optimal control theory in order to steer molecular processes. For this purpose the electric field entering the Eq. 6 can be iteratively optimized using e. g. evolutionary algorithms [17, 21] . In order to demonstrate the accuracy of our FISH method we first present the comparison of full quantum mechanical and our semiclassical treatment of the optimal control of wave packet localization in a two electronic state model system. The ground electronic state is repre- sented by an asymmetric double well potential while for the excited electronic state a Morse potential is used (cf. Figure 2) . In order to selectively transfer the population from the left part of the double well to the right part we employ the pump-dump [22] optimal control. The laser pulse is analytically parameterized according to E(t) =
. All pulse parameters are iteratively optimized using a genetic algorithm with binary coding of parameters and the usual selection, crossover and mutation operations [21] . Notice that the pulse optimization using genetic algorithms is a common technique also used in optimal control experiments [8] . Therefore our optimized pulses are suitable for direct comparison with experiment. We optimize the pulse fully quantum mechanically and apply it subsequently to the system using our semiclassical FISH approach. Alternatively, the pulse can be optimized using the FISH approach first and then applied in a full quantum mechanical simulation. Both of these approaches yield the same pulse form and optimization efficiency. The quantum mechanically optimized pulse shown in the upper part of Fig. 2b consists of two well separated portions which can be identified as the pump and dump pulses, respectively. This pulse was subsequently used to drive the dynamics of the system by employing our FISH approach. The laser induced electronic state population dynamics shown in the lower part of Fig. 2b for both electronic states demonstrates an excellent agreement between the quantum and FISH simulations. Moreover, the comparison between the snapshots of the wavepackets at different times presented in Fig. 2c shows that the propagated ensemble of classical trajectories very closely approximates the quantum wavepacket dynamics. Notice that while the coherence between electronic states is exactly included, the FISH method does not account fully for nuclear coherence and therefore it cannot describe nuclear wavepacket interference, which is not needed for pump-dump control. Therefore, our approach describes accurately the laser driven ultrafast dynamics and can be used to simulate and control the dynamics in complex systems, where full quantum dynamical simulations are not feasible.
The applicability of our method to the control of laser driven dynamics in complex molecular systems will be illustrated on the example of the optimal pump-dump photoisomerization of the prototype Schiff base molecular switch N-Methylethaniminium (N-MEI) with the chemical composition [
+ . Such switchable molecules are used by Nature as photoreceptors in the vision process and can be also employed as building blocks for molecular electronic devices. Thus, the control and the mechanism of selective photoswitching by tailored laser fields represents a challenge. The N-MEI has two isomers in the ground electronic state. Its global minimum structure is the trans isomer while the energy of the cis isomer is 0.13 eV higher. In order to control the trans-cis isomerization we employ the semiempirical AM1 configuration interaction (CI) method [23] for the description of the electronic states and for propagation of trajectories without precalculation of potential energy surfaces. This method reproduces reasonably accurately both the spectroscopic properties as well as the shape of the potential energy surfaces of small Schiff base molecules [24] . In order to selectively populate the cis isomer, we have optimized the analytically parameterized laser field with a genetic algorithm using the same parametric pulse form as in the model example above. This was achieved by minimizing the target functional J[t f ] = (180 − |φ(t f )|)+ 500 E kin (t f ) accounting both for a maximal torsion angle φ and a minimal kinetic energy of the molecule, preventing thermal back isomerization. The ensemble for the pulse optimization consisted of 30 trajectories sampled from a 10 K canonical Wigner distribution. The convergence has been tested by applying the optimal pulse to an ensemble of 100 trajectories. The optimal pulse shown in the upper part of Fig. 3a consists of two parts which are nearly overlapping. The maximum intensity of the optimal pulse is 1.
which is in the regime of strong but not ultrastrong fields. The temporal structure of the optimal pulse obtained by the Wigner-Ville transformation (cf. bottom part of Fig.  3a) shows that the pump subpulse has constant energy centered around 6.6 eV while the dump pulse is linearly down chirped. The energy of the dump pulse varies from 6 eV to less than 2 eV in the time interval between 50 and 100 fs (cf. Fig. 3a) . Such large bandwidth has been recently realized by white light continuum pulse shaping [25] . The laser induced population dynamics presented in Fig. 3b shows that the pump pulse depopulates the ground state after ∼ 20 fs. During the subsequent 100 fs the populations of the ground and excited states exhibit Rabi oscillations around the average value of 50 %. Within this period, the dump pulse successively depopulates the excited electronic state, before the energy gap closes and the conical intersection is reached, steering the dynamics towards the cis isomer. Since during the excited state dynamics the energy gap between the excited and the ground electronic state becomes smaller as the system performs the rotation around the C=N bond (cf. Fig. 3c) the energy of the dump pulse decreases with time (down-chirp) in order to satisfy the resonance condition. The selectivity of the isomerization process is reflected in the time-dependent population of the cis and trans isomers (cf. Fig. 3b ) giving rise to the final occupation of the cis isomer of ∼ 75%. The occupation of the cis isomer is not 100 % due to competing pathways through the conical intersection which start to dominate after the pulse terminates. This is the reason why the population of the cis isomer changes after the laser pulse has been switched off. Notice, that excitation with an unshaped pump pulse and subsequent field free isomerization through the conical intersection between the first excited singlet state and the ground state leads to the cis isomer with the yield of only ∼ 30%. The snapshots of the laser controlled dynamics shown in Fig. 3c illustrate the mechanism of the control involving the rotation around the C=N bond and clearly demonstrate that the cis isomer is optimally reached within 160 fs, suppressing the pathway through the conical intersection. Thus, the optimal pump dump control can be used to efficiently drive the selective photoisomerization of molecular switches.
In summary, we have presented the semiclassical FISH method for the simulation and control of ultrafast laser driven coupled electron-nuclear dynamics involving several electronically excited states in complex molecular systems. This approach combines classical MD simulations with the field induced surface hopping for the electronic state population dynamics. It can be used to simulate spectroscopic observables as well as to control the dynamics employing shaped laser fields. For the propagation of classical trajectories, the whole spectrum of methods ranging from empirical force fields, semiempirical to ab initio quantum chemical methods can be employed, opening the possibility of broad applications. Therefore, the FISH method offers a powerful tool for the analysis and control of laser driven excited state dynamics in complex molecular systems in the gas phase as well as interacting with different environments such as solvent, bioenvironment, surfaces or metallic nanostructures. In particular, due to the density matrix formulation of the method, dissipative effects for nuclear and electronic motion can be taken into account. This should in the future give an impetus for the application of the optimal control to manipulate the functionality of complex systems.
